ABSTRACT Camelina sativa is an oilseed crop of the Brassica (Cruciferae) family that has gained increased popularity as a biofuel source. The present study was conducted to investigate the effects of feeding C. sativa meal to broiler birds on phenolic compounds, tocopherols, flavonoids, antioxidant capacity, and lipid peroxidation in chicken thigh meat during short (4°C for 2 or 7 d) or long-term (−20°C for 90 d) storage and cooking. One hundred sixty 1-d-old Cobb chicks were fed a corn-soybean meal-based diet with added Camelina meal at 0% (control), 2.5% (CAM2.5), 5% (CAM5), and 10% (CAM10). The experimental diets were fed for a period of 42 d. Feeding Camelina meal at 5 or 10% led to a 1.6-fold increase in γ-tocopherols in the thigh meat when compared with control birds (P < 0.05). No effect of diet on γ-tocopherols in the breast meat and α-tocopherols in the thigh and breast meat was observed (P > 0.05). Antioxidant activity measured as 2,2-azino-bis [3-ethylbenzo-thiazoline-6-sulfonic acid] radical scavenging capacity in the thigh meat from CAM2.5, CAM5, and CAM10 was higher than control birds (P < 0.05). In the breast meat, 2,2′-azinobis (3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium salt radical scavenging capacity was highest in CAM10 (P < 0.05). Feeding Camelina meal at 5 or 10% led to reductions in thigh TBA reactive substances (TBARS) during short-term (2 d) and long-term storage (P < 0.05). The TBARS of thigh meat from CAM5 and CAM10 were reduced up to 49 or 36% during 2-or 90-d storage, respectively, when compared with control (P < 0.05). However, no effect of diet on thigh meat TBARS at 7 d of storage was observed among treatment groups. Overall, TBARS were highest in the thigh meat from control and CAM2.5 birds (P < 0.05). Upon cooking, TBARS were lowest in thigh meat from CAM10 birds, which was over 48% lower than in meat from birds fed the control diet (P < 0.05). The current study showed that Camelina meal could be effective in inhibiting lipid oxidation and enhancing antioxidant capacity. However, the effect was more prominent in the thigh than breast meat.
INTRODUCTION
Consumer preference, availability, nutrient profile, and low cost make poultry meat a major source of animal food protein worldwide. In the United States, poultry and poultry products account for over 40% of animal products consumed (USDA, 2009 ). Poultry meat is rich in polyunsaturated fatty acids and is low in natural antioxidants (Gray et al., 1996; Barroeta, 2007; Grashorn, 2007) . Therefore, poultry meat is susceptible to quality deterioration by lipid oxidation during storage or cooking, leading to reduction in nutritive value and accumulation of lipid oxidation products. Therefore, methods that are effective, safe, and low cost for controlling lipid peroxidation and enhancing product stability are extremely important to the poultry meat industry. The oxidative stability of poultry meat is also affected by the birds' diet and meat fatty acid composition. Tocopherols or other synthetic antioxidants have been used to control lipid oxidation in meat. However, due to consumer concern about the safety and toxicity of synthetic antioxidants, recent research has focused on naturally occurring antioxidants. In this respect, plant-based compounds are being tested for improving quality and shelf-life of poultry meat products.
Oilseeds and oilseed meals (e.g., flax, canola) are incorporated into poultry rations as a source of CP, energy, and essential n-3 fatty acids. Camelina sativa is an oilseed crop of the Brassica (Cruciferae) family and is gaining popularity as an oil crop for biofuel production. Previous studies from our laboratory on the nutrient composition of Camelina meal (a by-product obtained from Camelina seed after oil extraction) indicated that the meal has over 35 to 40% CP, 4,688 kcal/kg of gross energy (GE), and 11 to 12% fat with α-linolenic acid (n-3) constituting up to 30% of total fatty acids ). Due to its high CP, GE, and n-3 fatty acid concentration, Camelina meal could be incorporated into poultry feeds as a source of CP, energy, and n-3 fatty acids. Recent studies from our laboratory on supplementing layer and broiler diets with 10% Camelina meal reported a significant increase in the n-3 fatty acids in eggs and broiler muscle tissues Aziza et al., 2010) .
In addition to n-3 fatty acids, Camelina meal contains other bioactive compounds such as tocopherols and phenolic products (Matthäus, 2002; Salminen et al., 2006) . The effectiveness of plant materials against lipid oxidation is linked to the presence of phenolic compounds and has been proved in different types of meat products (McCarthy et al., 2001; Cherian et al., 2002; Sebranek et al., 2005) . Postharvest application of phenolic extracts from Camelina meal has been reported to prevent lipid peroxidation in cooked pork meat patties (Salminen et al., 2006) . However, there is no information on the efficacy of feeding Camelina meal in modulating lipid oxidation or antioxidant capacity in poultry. Investigations into the antioxidant properties of Camelina meal in broiler diets could lead to development of calorie-protein-n-3-and antioxidant-rich poultry feeds while producing wholesome foods for human consumption. In this context, the objectives of the current study were to 1) determine the effect of feeding different levels of Camelina meal to meat-type chickens on the content of phenolic compounds, flavonoids, antioxidant capacity, lipid oxidation products, and tocopherols in breast and thigh meat and 2) determine the effect of short refrigeration (2 and 7 d) and longterm freezer storage (90 d) and cooking on lipid stability in dark meat. It was hypothesized that addition of Camelina meal in broiler diets will enhance antioxidant activity while reducing lipid oxidation products in the meat during storage and cooking. The breast and thigh muscle samples used in the present study originated from a project designed to assess the effect of inclusion of Camelina meal on production performance and meat fatty acid profile in broiler birds. Detailed information on feed composition, bird performance (feed efficiency, carcass characteristics, BW gain), and breast and thigh meat and hepatic fatty acid composition is reported (Aziza et al., 2010) .
MATERIALS AND METHODS
An institutional animal care and use committee approved all experimental protocols to ensure adherence to animal care guidelines.
Diets, Birds, and Housing
One hundred sixty 1-d-old Cobb chicks of mixed sex were obtained from Foster Farms (Vancouver, WA). On the day of hatch, 10 chicks were placed randomly into each of 16 pens (147.3 × 134.6 cm) with cedar shavings. A lighting program of 23L:1D was used for the entire 42-d growing period. The chicks (4 replicate pens of 10 birds each) were fed a corn-soybean meal-based diet with added Camelina meal at 0% (control), 2.5% (CAM2.5), 5% (CAM5), and 10% (CAM10). The diets were formulated to contain 22% CP and 3,300 kcal of ME/kg. Each replicate pen was considered an experimental unit. The chemical composition of the Camelina meal (GE, CP, ash, and NDF) was analyzed at the University of Arkansas Poultry Science Central Analytical Laboratory (Fayetteville) and is shown in Table 1 . The ingredient composition, fatty acid composition, phenolic compounds, flavonoids, antioxidant capacity, and tocopherol content of the experimental diets are shown in Tables 2 and 3 .
Sample Collection and Chemicals and Reagents
On d 42, two birds per pen (8 per treatment) were randomly selected. Birds were processed after a 12-h feed withdrawal period. Birds were decapitated, bled for 2 min, scalded at 54°C for 120 s, mechanically defeathered, and manually eviscerated. Feet were removed manually by severing the intratarsal joint. After being washed and allowed to drip for 5 min, carcasses were cut vertically into 2 halves. One-half of the carcasses were frozen immediately at −20°C for further analysis (TBARS) . The frozen meat samples were thawed at 4°C and thigh and breast muscle meat were separated, and the thigh meat was divided into 2 sections. Breast meat and one section of thigh meat were taken for assessing antioxidant activity, flavonoids, tocopherols, phenolic content, and TBARS. The other section of thigh meat was taken for cooking. Thigh meat samples (~35 g) were cooked in a boiling water bath at 100°C for 20 min until the internal meat temperature reached 85°C. Chemicals and reagents used were as follows: aluminum chloride (Alfa Aesar, Ward Hill, MA); sodium nitrites (Acros, Morris Plains, NJ); sodium hydroxide (Mallinckrodt, Phillipsburg, NJ); potassium persulfate, potassium hydroxide, l-ascorbic acid (Mallinckrodt); gallic acid, 2,2′-azino-bis (3-ethylbenzo-thiazoline-6-sulfonic acid) diammonium salt (ABTS), Folin reagent, sodium bicarbonate, 1,1,3,3-tetraethoxy-propane, TBA, γ-tocopherol (Sigma, St. Louis, MO); dl-α-tocopherol (MP Biomedicals, Solon, OH); quercetin dehydrate, α-tocopherol (MP Biomedicals); internal standard (rac-5,7-dimethyltocol; Matreya, Pleasant Gap, PA).
Fatty Acid Analysis
About 2 g of the feed samples or meal was taken for total lipid extraction by the method of Folch et al. (1957) . Fatty acid methyl esters were prepared from total lipid extract using methanolic HCl as the derivatizing agent. Analyses of fatty acid methyl esters were performed with an Agilent 6890 gas chromatograph (Agilent Technologies Inc., Palo Alto, CA) equipped with an autosampler, flame ionization detector, and fused silica capillary column, 30 m × 0.25 mm × 0.2 μm film thickness (Sp-2560; Supelco, Bellefonte, PA). Chromatographic conditions were reported earlier (Hayat et al., 2009) . Peak areas and fatty acid percentages were calculated using Agilent ChemStation software (version A0803, Agilent Technologies). Fatty acid methyl esters were identified by comparison with retention times of authentic standards (Matreya). An internal standard (C23:0) was used for fatty acid quantification.
Tocopherol Assay
Camelina meal, feed, and meat α-and γ-tocopherol contents were analyzed by HPLC as reported previously (Podda et al., 1996; Hayat et al., 2009) . A Shimadzu LC-2010 HT HPLC system was used with a LC2010 AHT High Speed Autosampler (Shimadzu, Columbia, MD). A Supelguard LC-18 guard column (Superguard TM LC-18, Supelco) and a mobile phase of methanolwater (95% methanol, 5% ultra pure water) at a flow rate of 1 mL/min were used. Detection was performed using a Shimadzu RF-535 fluorescence detector at an excitation wavelength of 295 nm. A Shimadzu EZSTART 7.3 chromatography data system was used to integrate peak areas. Concentrations of α-and γ-tocopherol were calculated by comparing α-or γ-tocopherol peaks with peaks areas of the internal standard (rac-5,7-dimethyltocol) and quantified by using authentic standards.
Extraction and Determination of Phenolic Compounds
The extraction of phenolic compounds in Camelina meal, feed, and meat samples was performed according to methods of Vuorela et al. (2004) with some modifications. The samples were mixed with 20 mL of 80% methanol and shaken in a water bath at 75°C for 1 h for the Camelina meal and diet samples and 15 min for the meat samples. The samples were centrifuged at 3,000 × g for 15 min and the supernatants were filtered. Total phenolic compound content was measured using the Folin-Ciocalteau procedure (Anonymous, 1990) . Total phenolic content was measured at 765 nm using a spectrophotometer (UV160U, Shimadzu Corporation, Kyoto, Japan). Gallic acid was used as a standard. Results were expressed as micrograms of gallic acid equivalents per gram of sample.
Determination of Antioxidant Capacity
Antioxidant capacity of the Camelina meal, diet, and meat samples was measured by inhibition assay (Re et al., 1999) . Extent of scavenging by hydrogen or electron donation of a preformed free radical was used as the marker of antioxidant capacity. Briefly, ABTS radical cation (ABTS −+ ) was produced by reacting ABTS solution with 2.45 mM potassium persulfate and allowing the solution to stand in the dark at room temperature for 14 h before use. The ABTS −+ solution was diluted with ethanol until an absorbance of 0.5 at 734 nm was reached. The ABTS −+ solution (3 mL) and phenolic extract (100 μL) were mixed and the absorbance was read with ethanol as blank at 0 min (A0) and after 90 s (A1). Percentage of inhibition was calculated from the following formula:
Determination of Total Flavonoids
Total flavonoids were measured by a colorimetric assay according to Kim et al. (2003) . One milliliter of phenolic extract or standard solution of quercetin (0 to 500 mg·L −1 , MP Biomedicals) was added to 4 mL of H 2 O. At zero time, 0.3 mL of 50 g·L −1 NaNO 2 was added and after 5 min, 0.3 mL of AlCl 3 (100 g·L −1 ) was added. After 6 min, 2 mL of 1 mol·L −1 NaOH was added to the mixture and then diluted with 2.4 mL of H 2 O. Absorbance of the mixture was read at 510 nm against a water blank. Total flavonoids were expressed as milligrams of quercetin equivalent.
Determination of Glucosinolates
The glucosinolate content of Camelina meal was determined according to Jezek et al. (1999) and Makkar et al. (2007) with simple modifications. Camelina meal (0.5 g) was added to 7.5 mL of boiling acetate buffer (pH 4.2, 0.2 M). The mixture was kept in a boiling water bath for 15 min. After cooling (5 min), the whole extract was mixed with a solution containing 1.5 mL of sodium sulfate and lead acetates (1.5 mL) and was kept at room temperature for 15 min. The mixture was spun at 4,000 × g for 12 min and the supernatant (2 mL) was mixed with 0.1 g of activated charcoal and the mixture was spun at 4,000 × g for 12 min. The supernatant (0.45 mL) was taken and was mixed with 0.45 mL of 2 M NaOH. The samples were kept for 30 min at room temperature and 75 μL of 37% HCl was added. The samples were spun at 6,000 × g for 10 min and the supernatant (0.5 mL) was mixed with an equal volume of potassium ferricyanide (2 mM). The absorbance of samples was read at 420 nm (UV160U, Shimadzu Corporation) using phosphate buffer (pH 7, 0.2 M) as blank. Sinigrin hydrate (TCI, Toshima, KITA-KU, Tokyo, Japan) was used as standard.
TBARS Assay
The extent of lipid oxidation in meat samples during storage and cooking was determined by measuring the TBARS at d 2 and 7 and 90 d and after cooking. Samples (2 g) were homogenized with 3.86% perchloric acid. Butylated hydroxyanisole (50 μL in 4.5% EtOH) was added to each sample during homogenization to control lipid oxidation. Homogenates were filtered and the filtrates were mixed with 20 mM TBA in distilled water and incubated. Absorbance was determined at 531 nm (UV160U, Shimadzu Corporation). The TBARS were expressed as milligrams of malondialdehyde per gram of sample as reported (Cherian et al., 2007) .
Statistical Analyses
The effects of dietary Camelina meal on TBARS, the content of phenolic compounds, flavonoids, antioxidant capacity, thigh meat lipid stability, and tocopherols in breast and thigh meat were analyzed by 1-way ANOVA. Treatment means were compared by Student-NewmanKeuls multiple comparison test. Statistical significance was set at P < 0.05. All data were analyzed by SAS 9.2 (SAS Institute Inc., Cary, NC). Mean values and SEM were reported.
RESULTS AND DISCUSSION
The chemical composition (GE, CP, crude fat, ash, and NDF), flavonoids, antioxidant capacity, α-and γ-tocopherols, glucosinolates, phenolic content, and fatty acid composition of Camelina meal are reported in Table 1 . Briefly, GE constituted 4,822 kcal/kg, CP constituted 35.2%, and crude fat constituted 4.9% in the Camelina meal. Total phenolic and tocopherol (α and γ) content in the meal was lower than that reported by Salminen et al. (2006) . The lower values obtained in the current study could be due to many factors such as genetics, cultivars, environment, extraction methods, storage conditions, or fat content of the extracted meal. The fat content of Camelina meal used in the present study was 4.9% compared with 24% reported previously (Salminen et al., 2006) . The n-3 fatty acid content of Camelina meal was 29.5% and is in agreement with our previously reported research ). Other information on Camelina meal with respect to amino acid composition and mineral content is reported elsewhere (Aziza et al., 2010) . Inclusion of Camelina meal led to an increase in total phenolic compounds, antioxidant capacity, and γ-tocopherol and α-linolenic acid content in the experimental diets (Table 3) .
The information on bird performance, breast and thigh meat and tissue (hepatic, adipose) fatty acid composition, and carcass characteristics were reported earlier (Aziza et al., 2010) . Briefly, there were no significant differences in carcass weight, weight gain, or overall feed efficiency (1 to 42 d) among CAM5, CAM10, and control birds at 42 d. However, during the grower period (22 to 42 d), feed efficiency was lowest for control birds and was 1.67, 1.95, 1.91, and 2.00 for control, CAM2.5, CAM5, and CAM10, respectively (P = 0.02) (Aziza et al., 2010) . Camelina belongs to the Brassica family and species of this family are high in nonstarch polysaccharides and glucosinolates, which can affect feed consumption and bird performance (Budin et al., 1995) . In addition, phenolic compounds such as phenolic acids and tannins that are present in the Brassica family can reduce digestibility affecting feed efficiency. Incorporation of Camelina meal led to a significant increase in the n-3 fatty acid content of breast and thigh meat. A 2.5-and 2-fold increase in total n-3 fatty acids was observed in the thigh and breast meat from CAM10 when compared with control diets (Aziza et al., 2010) . The dietary treatments did not alter the total lipid content of breast and thigh meat.
The ABTS radical scavenging capacity in the thigh meat from CAM2.5, CAM5, and CAM10 birds was higher when compared with that from control birds (Table 4 ; P < 0.05). However, in the breast meat, higher ABTS radical scavenging capacity was observed only in CAM10 as compared with control, CAM2.5, or CAM5 treatments (P < 0.05). In this study, quercetin was used as a standard. Although quercetin represents one of the different kinds of flavonoids, possibly other subclasses of flavonoids present in Camelina meal also may have contributed to the antioxidant activity. The protective effects of flavonoids in biological systems are related to their capacity to transfer electrons, chelate metal catalysis, activate antioxidant enzymes, reduce α-tocopherol radicals, and inhibit oxidase (Ferrali et al., 1997; Cos et al., 1998; Hirano et al., 2001) .
Supplementing broiler diets with Camelina meal significantly increased the γ-tocopherols in thigh meat of CAM5 and CAM10 birds. However, no difference in the γ-tocopherol content of breast meat as compared with thigh meat was observed (P > 0.05). The 68% increase in γ-tocopherols in the thigh meat from CAM5 and CAM10 compared with control birds suggests that dietary γ-tocopherols were taken up and deposited into the lipid matrix of thigh muscles. Dietary tocopherol supplementation has been reported to enhance concentrations of tocopherol in the cell membranes, especially in the mitochondria (Gray et al., 1996) . Therefore, the muscle-specific differential incorporation of γ-tocopherol observed in the current study may be due to the higher number of mitochondria present in thigh meat as compared with breast meat. Broiler thigh or dark meat is higher in lipids and triglycerides and is more prone to lipid oxidation than breast or white meat (Cherian et al., 2002; Rymer and Givens, 2005) . The average total fat content of thigh and breast meat in the current study was 1.85 and 0.80%, respectively (Aziza et al., 2010) . Therefore, increased antioxidant capacity and γ-tocopherol content through incorporating over 5% Camelina meal could be advantageous in meat or meat products produced from dark meat. No effect of supplementing Camelina meal on total phenolic compounds was observed in breast meat, whereas thigh meat from CAM2.5 had lower phenolic compounds than control (P < 0.05).
The effect of feeding Camelina meal on TBARS during short-and long-term storage and during cooking is shown in Table 5 and Figure 1 . Incorporation of Camelina meal at 5 or 10% in the bird's diet led to significant reductions in TBARS during short-term (2 d) and long-term storage (P < 0.05). The TBARS of meat from CAM5 and CAM10 were reduced up to 49 or 36% during 2 or 90 d of storage, respectively, when compared with control (P < 0.05). However, no effect of diet on TBARS at 7 d of storage was observed among treatment groups. Upon cooking, TBARS were lowest in thigh meat from CAM10 birds, which was over 48% lower than in meat from birds fed the control diet (P < 0.05). Lipid oxidation is a spontaneous process that takes place postharvest in meat and is augmented by endogenous and exogenous factors. Endogenous factors include total lipids, amount of iron present, and fatty acid composition and exogenous factors include heating, disruption of membranes, or prolonged storage (Gray et al., 1996; Grau et al., 2001; Min and Ahn, 2005) . The effectiveness of phenolic extracts from Camelina meal in preventing lipid peroxidation through postharvest application in cooked pork meat patties has been reported by Salminen et al. (2006) . These authors suggested that phenolic compounds such as flavonols (quercetin glycoside), owing to their 1-electron reduction potentials, may spare vitamin E to delay lipid oxidation. Thus, less tocopherols would be destroyed through oxidation, resulting in greater amounts of tocopherol deposition into membranes. This observation is justified by the increased γ-tocopherol content in 90-d stored thigh meat from CAM5 and CAM10 compared with control and CAM2.5 birds (P < 0.05; Table 5 ). However, it should be pointed out that in the current study, supplementing Camelina meal did not enhance phenolic or flavonoid compounds in the thigh and breast muscle when compared with control diets. Similarly, supplementation of Camelina meal was not effective in sustaining the low TBARS on 7-d storage. Whether the lack of effect of diet on thigh TBARS on 7-d storage is in any way related to depletion of tocopherols at 4°C storage is not known because α-and γ-tocopherols were not measured in thigh meat stored in the refrigerator. The susceptibility of lipids in tissues to peroxidation depends on the proportion of polyunsaturated fatty acids in lipid bilayers, the amount of reactive oxygen species produced, and the level of antioxidants available through diet or endo-or exogenous sources (Cherian et al., 1996; Min and Ahn, 2005; Goñi et al., 2007; Brenes et al., 2008) . Therefore, inclusion of Camelina meal rich in bioactive compounds may prove to be beneficial for the re- a-c Means within a row with no common superscript differ (P < 0.05). 1 n = 8. 2 Control = corn-soybean meal basal diet; CAM2.5 = basal diet containing Camelina meal at 2.5%; CAM5 = basal diet containing Camelina meal at 5%; CAM10 = basal diet containing Camelina meal at 10%. 2 n = 8. 3 Control = corn-soybean meal basal diet; CAM2.5 = basal diet containing Camelina meal at 2.5%; CAM5 = basal diet containing Camelina meal at 5%; CAM10 = basal diet containing Camelina meal at 10%. duction in lipid oxidation products in short-term (2 d) or long-term stored (90 d at −20°C) or cooked thigh meat. A similar TBARS-reducing effect of grape pomace or grape seed rich in phenolic compounds in stored or cooked meat has been reported (Ahn et al., 2007; Sáyago-Ayerdi et al., 2009 ).
In conclusion, the current study showed that γ-tocopherols in dietary Camelina meal were retained and remained functional in chicken muscle tissue. However, the effect was more prominent in thigh (dark) than breast (white) meat at short-term (2 d) or longterm storage (90 d at −20°C). As an application of using by-products from biofuel production, Camelina meal with its high protein, n-3 fatty acids, and γ-tocopherols offers a new alternate feed source for producing meat products with high n-3 fatty acids and increased lipid stability. However, to use Camelina meal effectively as a feed ingredient, it is critical that its feeding value with respect to feed efficiency is investigated in detail. The feeding trials conducted with Camelina meal in poultry were conflicting. Impaired feed conversion and decreased feed intake during the starter phase in birds fed Camelina cake or Camelina meal has been reported by Ryhanen et al. (2007) and Pekel et al. (2009) . However, Frame et al. (2008) observed no significant differences in final weight, weight gain, or feed conversion between feeding diets with 10% Camelina meal. Recently, we reported significant reduction in feed efficiency calculated during 1 to 21 d of growth when Camelina meal was incorporated at 10% (Aziza et al., 2010) . Further studies are needed to determine the effective concentrations of Camelina meal that would achieve antioxidant activities in meat products without adversely affecting the production performance of the birds. 
